Abstract During the 2007 and 2008 solar minimum period, STEREO, Wind, and ACE observed numerous Corotating Interaction Regions (CIRs) over spatial separations that began with all the spacecraft close to Earth, through STEREO separation angles of ∼ 80 degrees in the fall of 2008. Over 35 CIR events were of sufficient intensity to allow measurement of He and heavy ion spectra using the IMPACT/SIT, EPACT/STEP and ACE/ULEIS instruments on STEREO, Wind, and ACE, respectively. In addition to differences between the spacecraft expected on the basis of simple corotation, we observed several events where there were markedly different time-intensity profiles from one spacecraft to the next. By comparing the energetic particle intensities and spectral shapes along with solar wind speed we examine the extent to which these differences are due to temporal evolution of the CIR or due to variations in connection to a relatively stable interaction region. Comparing CIRs in the
Introduction
Corotating Interaction Regions (CIRs) are large structures in the interplanetary medium that arise when fast solar wind streams overtake slower solar wind. Plasma turbulence levels increase at the interaction region between the two streams, eventually leading to the formation of shocks beyond 1 AU that move away from the stream interface in both the inward (reverse) and outward (forward) directions. In addition to the plasma interactions, energetic particle intensity increases are often associated with these streams, which were named "corotating" since the intensity increase sometimes appears in repeated solar rotations (for recent reviews on CIRs see Forsyth and Marsch, 1999; Gosling and Pizzo, 1999; Horbury and Schmidt, 1999; Mason and Sanderson, 1999; Scholer, 1999; Richardson, 2004) .
The common reappearance of CIRs in multiple solar rotations is due to the fact that the underlying coronal structures giving rise to the fast solar wind often evolve slowly; thus to first order CIRs can be considered to be in a nearly steady state. Observations from a single spacecraft sample the CIR only once per solar rotation, so little is known about the evolution on shorter time scales with some exceptions such as a period starting late in 1984 when International Sun Earth Explorer-3 (ISEE-3) and Interplanetary Monitoring observed CIRs separated by ∼ 1 day of corotation (Richardson et al., 1993) . With the launch of the Solar TErrestrial Relations Observatory (STEREO) spacecraft we have the opportunity to observe CIRs systematically over increasingly large corotation angles, allowing investigation of their behavior over time scales of days, rather than a solar rotation. In this paper we present features of CIR energetic particles during a nearly 2-year period during solar minimum, during which the STEREO spacecraft separation angle reached 80
• .
Observations
The energetic particle observations reported here were obtained with time-of-flight mass spectrometers from the Suprathermal Ion Telescope (SIT, Mason et al., 2008a) instruments on the STEREO-Ahead (-A) and -Behind (-B) spacecraft, the Ultra-Low Energy Isotope Spectrometer (ULEIS, Mason et al., 1998) on the Advanced Composition Explorer (ACE), and the Suprathermal Energetic Particle Telescope (STEP, von Rosenvinge et al., 1995) on the Wind spacecraft. These instruments measure suprathermal heavy ion intensities over the general range ∼ 50 keV nucleon −1 to a few MeV nucleon −1 . We used the STEREO Plasma and Suprathermal Ion Composition investigation (PLASTIC, Galvin et al., 2008) for solar wind data, along with the Wind and ACE solar wind data McComas et al., 1998) . Figure 1 shows an example of STEREO-A observations during late 2007, when the separation angle between STEREO-A and Earth increased from about 16
Event Selection
• to 21
• . The three prominent high speed streams reappear for several rotations, although other fast streams such as the one peaking on days 258 -260 do not repeat or are much weaker. The CIR intensity increases of suprathermal He and O shown in the middle and lower panels are clearly associated with the high speed solar wind streams. The speeds of the suprathermals shown are 5 -20 times the solar wind speed in the fast streams. Notice that while all the suprathermal intensity increases are associated with high speed streams, there are several streams that do not produce measurable increases in suprathermals, for example those around days 305, 315, and 330.
In order to obtain reasonable statistical accuracy for the suprathermal ion measurements, we required that the hourly average intensity of 189 keV nucleon −1 He exceed 10 particles/(s cm 2 sr MeV nucleon −1 ) on at least one of the two STEREO spacecraft (see arrow on right axis of Figure 1 middle panel) and that the CIR be seen on both STEREO spacecraft and ACE. For example in Figure 1 these criteria excluded energetic particle CIR increases Mason et al. (2008b) .
(e) Event in survey of Leske et al. (2008) . Column 1 is the event number and column 2 is the STEREO-B to Sun to STEREO-A angle at approximately the midpoint of the time interval of the CIR observed at ULEIS. Columns 3, 4, and 5 list the approximate start and end times at each of the spacecraft; since the CIRs often show slow intensity increases, the start and end times are nominal only. Column 6 lists the ULEIS peak hourly average intensity for 0.32 -0.45 MeV nucleon −1 He during the CIR interval. Column 7 contains the spectral index from fits to the 0.16 -0.91 MeV nucleon −1 He spectrum, assuming a differential power law in kinetic energy per nucleon. Column 8 has notes on several of the CIRs. Figure 2 shows the time of each CIR in Table 1 during Bartels solar rotations vs. time of the CIR at ACE. Recurring events appear in the figure as a series with nearly the same day of Bartels rotation. Although there were several sources in 2007, by 2008 a fairly stable pattern emerged with two regions being responsible for all the cases in the table.
2.2. Spectral Form Figure 3 shows particle spectra for He, C, O, and Fe for the 10 February 2008 CIR, one of the most intense in the survey. The spectral forms show low energy power laws of similar shape for different species; the spectra steepen significantly above ∼ 1 MeV nucleon −1 . The spectral shape and composition are typical of CIRs (Gloeckler, Hovestadt, and Fisk, 1979; Mason et al., 1997 Mason et al., , 2008b Desai et al., 1998; Richardson, 2004) . The dashed line in the figure shows the He spectral shape from the 22 March 2000 CIR, an intense event included in the 1998 -2007 survey on ACE (Mason et al., 2008b) . Near 100 keV nucleon −1 the 10 February CIR intensity is close to the 22 March intensity; however, above 1 MeV nucleon −1 the 10 February CIR spectrum becomes much steeper so that by energies of ∼ 3 MeV nucleon −1 its intensity is nearly a factor of 50 lower. Figure 4 plots the He peak intensity vs. the 0.16 -0.91 MeV nucleon −1 spectral index γ assuming a power law of the form dJ/dE ∝ E −γ ,where E is kinetic energy per nucleon. In (Mason et al., 2008b) . Table 1 both STEREO spacecraft were close enough together to allow a cross-calibration with each other and with ACE instruments. Not until the second half of 2007 were the two STEREO spacecraft separated by more than one day of corotation, and so the CIR signatures seen on both were similar, but not identical (see Leske et al., 2008) . As the STEREO spacecraft moved further apart, the Behind spacecraft CIR events "led" the Ahead spacecraft by increasing amounts. Figure 6 shows spectrograms of SIT-A and SIT-B CIRs for the month of August 2008, when the angular separation between the two spacecraft corresponded to about five days of corotation. The figure shows that while some features are clearly seen by both SIT-B and SIT-A, this is not always the case. For example, the intense event starting around day 220 on SIT-B is clearly seen on SIT-A around day 225. However, the CIR related brief intensity increases on days 224 -227 seen by SIT-B have no clear signature at SIT-A. The intense CIR starting on day 229 at SIT-B is seen only faintly on SIT-A. Finally, we see that a faint increase at SIT-A starting around day 240 had no obvious predecessor at SIT-B. Figure 7 examines these properties by plotting a single time-intensity profile over the same set of events seen in the spectrogram in Figure 6 . The panels in Figure 7 have been offset by the nominal rotation time so that rigidly corotating features would line up. Note that the event onset at day 220 on STEREO-B has its onset at ACE at almost precisely the time expected from corotation; however, at STEREO-A the onset is almost a full day earlier than expected from corotation. Notice also that the sharp, intense increases seen on STEREO-B on days 224 -226 are not detected by ACE or STEREO-A. The strong increase starting on day 230 on STEREO-B has a markedly different appearance on ACE and STEREO-A.
While the CIRs we observe are doubtless undergoing temporal changes, it is also the case that CIRs often last for many solar rotations (Figure 2) so the large differences shown in Figure 7 over periods of ∼ 0.1 solar rotations must generally be dominated by effects other than temporal evolution of the CIR. Figure 8 shows the 19.5 nm solar image on 2008 day 220, where the coronal hole giving rise to event #32 can be clearly seen with location 20 -40
• west of the central meridian (CM) seen from STEREO-B. Since 650 km s −1 solar wind takes about 2.5 days to reach 1 AU, the coronal hole at 20 -40
• west is at the expected location as the source of event #32. The shape of the hole is irregular and it is qualitatively reasonable that small differences in spacecraft tracks across the hole could lead to different remote signatures. The double headed arrow in the figure shows the size of the latitude difference between STEREO-B and -A at this time (5.2
• ), which is comparable to the scale size of features in the coronal hole. The coronal hole seen below the equator at east ∼ 30 -60
• apparently corresponds to the short intense events seen on STEREO-B four days after the passage of event #32. The fact that this coronal hole is below the equator may explain why STEREO-A and ACE (both with subsolar points north of the equator) did not see this event. Leske et al. (2008) have discussed the importance of latitude effects in interpretation of STEREO CIRs and Sanderson et al. (1998) have shown the importance of these effects on data from the Wind spacecraft.
While the intensities and their temporal evolution sometimes show the significant differences illustrated in Figures 6 and 7 , the spectral indices observed by the different spacecraft show much less variation. In the generally accepted view of CIR formation, the spectral index in a CIR is determined by the acceleration properties at the forward-and reverse-shocks (e.g., Fisk and Lee, 1980) and this might be expected to be a less variable feature than details of the connection to the distant shock that could affect the hourly intensities. Figure 9 shows the difference in the 0.16 -0.91 MeV nucleon −1 He spectral index measured on SIT-A and SIT-B, plotted vs. the heliographic latitude difference between the two spacecraft. Note that many of the cases have spectra very close to each other: their spectral indices differ by less than 0.5. As the latitude difference gets larger, the spectral differences increase, leading to a positive correlation of 0.61, which is highly significant for a sample of 35 cases (CIR #30 did not have a measurable He spectrum for SIT-B). Thus, the spectra are generally in close agreement between SIT-B and SIT-A and the differences increase as the spacecraft heliolatitude differences increase. Figure 10 shows 0.32 -0.45 MeV nucleon −1 peak hourly He intensities for 84 CIRs from late 1994 through the present. The Wind/STEP points (red diamonds) have been corrected to take account of the differences between the on-board rate energy bands for STEP vs. ACE/ULEIS. The largest events occur during solar active periods. We examined the four most intense events to see if they had some other characteristics that could help to explain this. Two of the events (27 July 2003 and 28 January 2000) were associated with large coronal hole structures rather than the more modest scale coronal holes typical of the CIRs in the present survey. However, the other two events (15 November 2003 and 8 October 2005) were associated with coronal holes not obviously different from the one shown in Figure 8 .
Solar Cycle Effects
The average solar wind speed for these four most intense events was 763 ± 37 km s −1 , 1 -2 sigma higher than the whole set in the survey of Mason et al. (2008b) ; however, in that set of 41 CIRs, there were several other events with high peak solar wind speeds whose peak suprathermal ion intensities were lower than the four most intense CIR events. These four most intense CIR events were associated with forward or reverse shocks, which are somewhat unusual for 1 AU CIRs. For example, in the survey of Jian et al. (2006) only about 50% of the ACE survey CIRs (Mason et al., 2008b (Mason et al., ) from 1998 (Mason et al., -2004 had associated shocks at 1 AU. It has been long known that at the suprathermal particle energies studied here, it is difficult for the ions to propagate in from distant shocks (Fisk and Lee, 1980; Mason et al., 1999) and so local acceleration by compression regions may play a critical role (Giacalone, Jokipii, and Kóta, 2002) . The presence of the 1 AU shocks could be an indicator for local acceleration; however, the shock jumps for these four most intense CIRs are not consistently stronger than for other less intense events that also showed shocks.
Another possibility is that the ambient suprathermal ion density was enhanced in these CIRs, resulting in a higher maximum intensity; while all four events indeed had elevated suprathermal ion densities beforehand, many other events in the survey had similarly elevated intensities without producing intense CIRs. Solar wind speed, coronal hole size, the presence of forward or reverse shocks at 1 AU, and elevated ambient intensities could be all expected to produce more intense events, which while consistent with these associations, does not explain the peak intensities in any simple way. See Simnett et al. (1994) and Gopalswamy et al. (2002) for discussions of the effects of ambient populations on CIRs and interplanetary shock accelerated particles.
With the exception of the four CIRs discussed above, all the other CIRs shown in Figure 10 have maximum intensities below 100 particles/(s cm 2 sr MeV nucleon −1 ). The distribution of CIR peak intensities at 386 keV nucleon −1 has a much sharper cutoff than is seen in solar energetic particles (SEPs) at higher energy, as illustrated in Figure 11 , which shows the distribution for the entire period (red shading) and also the 2007 -2008 solar minimum subset (blue hatching). The SEP distribution has a slope of about −0.4, as reported previously by Reedy (1996 , quoted by McCracken et al., 2001 ), although we note that Van Hollebeke, Ma Sung, and McDonald (1975) number distribution vs. peak intensity with a sharp cutoff. This may be in part due to the fact that the CIR high speed solar wind streams do not show a large variation of speed, but given other factors involved such as coronal hole size and duration, and details of connection to the CIR beyond 1 AU, the relative sharpness of the cutoff seems surprising. 
"Dropouts" During CIRs
Several CIRs in the survey (numbers 2, 6, 7, 10, 14, 16, 33 in Table 1 ) show episodes on one or more of the spacecraft of energy-independent intensity decreases by a factor of 5 -10 followed by an increase a few hours later. Figure 13 shows an example of such an event, where Figure 12 Hourly average Wind observations of solar wind protons (top panels) from the SWE instrument and suprathermal He (lower panels) from the EPACT/STEP instrument (left: 1996 -1997, right: 2007 -2008) .
CIR #2 begins with the appearance of a high speed solar wind stream, with a notable intensity drop around day 44.1 which lasts until nearly day 45.0, when the intensity increases again. There is an additional drop for the period ∼ 46.3 -46.5. The spectrogram in panel (d) shows that the dropout timings are independent of energy. The first is associated with an increase in solar wind speed and the second with a decrease in solar wind speed. Although this CIR begins with a change of magnetic sector from outward to inward, the basic pointing of the magnetic field does not change markedly in association with these dropouts. The 2-point suprathermal spectral slope shown in panel (c) shows a significant steepening around day 44.0 (also visible in the spectrogram); thereafter it shows slow but systematic hardening as is typical for low energy CIR spectra (e.g., Mason et al., 1997) and is believed to be due to the inability of low energy ions to propagate from large radial distances in to 1 AU, so that the low energies are less abundant later in the event (see discussions in Fisk and Lee, 1980; Mason et al., 1999; Giacalone, Jokipii, and Kóta, 2002) . The short-term decreases in CIR suprathermal intensity appear to be due to changes in connection to the CIR caused by the associated solar wind speed changes, which connect the 1 AU spacecraft to different locations in the region outside 1 AU. The fact that the dropout can occur with either an increase or decrease of solar wind speed, along with the energy independence of the intensity changes, and small effect on spectral index later in the event, indicates that this is a connection issue, and not caused by temporal changes in the CIR itself.
Summary and Discussion
During the 2007 -2008 solar minimum period the STEREO spacecraft offered a new opportunity to study CIRs from spacecraft separated by up to five days of corotation. During this period there were numerous high speed solar wind streams and associated energetic particle increases from CIRs, with source locations at several longitudes on the Sun during 2007, simplifying to two source locations during 2008. Although all the energetic particle CIRs were associated with high speed streams, there were many streams that did not produce CIR events. Spectral forms of heavy nuclei in these CIRs were similar to those seen in earlier surveys with ACE and Wind; however, when compared with the ACE 1998 -2006 As the STEREO-A and -B spacecraft moved further from Earth, it was usually, but not always, possible to trace individual CIRs as they moved sequentially past STEREO-B to ACE and Wind, and then to STEREO-A. However it was often the case that events evolved significantly between one spacecraft and another: sometimes growing in intensity, sometimes decreasing. Even in cases where a clear event was seen at -B, Earth, and -A, the energetic particle events onsets sometimes varied from the expected corotation time; as an example, the CIR event starting at ACE on 2008 day ∼ 222.0 had its onset at STEREO-A near day 224.0, almost a full day earlier than would be expected from corotation. In addition to such simple changes, sometimes the overall time-intensity profiles would change dramatically from one spacecraft to another. While there is some temporal evolution of the CIRs over periods of days, the fact that many of the events are recurring indicates that the overall structures can be present for periods of several solar rotations. For this reason, it is likely that the bulk of the changes we observe were due to the relatively small and irregular coronal hole source sizes at the Sun, taken together with the different heliolatitude connections of the spacecraft connecting to different solar features. Sanderson et al. (1998) discussed such effects in detail for Wind data, showing the importance of the solar connection point and large differences in energetic particle observations that could arise from small changes in connection to the Sun. Leske et al. (2008) have discussed these effects for higher energy CIR particles observed on STEREO.
The lack of nearly rigid corotation for CIRs has implications for "space weather" predictions for the onset of high-speed solar wind streams at Earth. It is well known that high speed solar wind streams energize the magnetosphere (e.g., Baker, 1995 and references therein) leading to enhanced radiation levels that can cause significant impacts on space hardware. To predict the onset of such streams accurately, a monitor located behind Earth at 1 AU would see the streams before they impacted the magnetosphere, as STEREO-B has done. However, the suprathermal particle observations presented here imply that the onset time at Earth might be in error by a significant amount (∼ 1 day) assuming simple corotation. It would be interesting to study this further using solar wind data and MHD models to see what accuracy could be achieved in predicting the stream onsets, intensities, and duration.
Over the period 1994 -2008 suprathermal He observations in CIRs showed that these events are present for both solar active and solar minimum periods as has been seen earlier for higher energy particles (see Richardson et al., 1993 and references therein) . During this period, the most intense events took place during periods of enhanced solar activity. These most intense CIRs may arise from a combination of circumstances, since no single feature (e.g., solar wind speed, coronal hole size, the presence of shocks at 1 AU, or presence of ambient suprathermal ions) separated this group from other less intense CIRs. The size distribution of CIRs shows a much clearer "cutoff" than seen for 10 MeV SEP protons, while the SEP number distribution has an index of − 0.4, the CIRs cutoff is much sharper.
Comparing the 1996 -1997 vs. 2007 -2008 About 25% of the CIRs observed during 2007 -2008 showed features in the < 1 MeV nucleon −1 energy range where the intensities decreased by a factor of 5 -10 for periods of a day or so in length ("dropout" events). These decreases occurred independent of particle energy, and therefore appear to be spatial rather than temporal effects. They correlate with changes in the solar wind speed, pointing to changes in connection to the distant CIR beyond 1 AU as the primary cause. Because many of the originating solar coronal holes for the CIRs in this survey were small and irregularly shaped, it appears probable that these dropouts are caused by the spacecraft moving through different solar wind speed regions as the connection point at the Sun moves across irregular boundaries of the coronal hole, causing changes in connection to the distant CIR beyond 1 AU.
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